a2 United States Patent

US010497971B2

ao) Patent No.: US 10,497,971 B2

Sava Gallis et al. 45) Date of Patent: Dec. 3, 2019
(54) METAL-ORGANIC FRAMEWORK (52) U.S.CL
ELECTRODES FOR SODIUM ION CPC ... HOIM 10/0564 (2013.01); HOIM 2/022

BATTERIES

(71) Applicant: National Technology & Engineering
Solutions of Sandia, LLC,
Albuquerque, NM (US)

(72) Inventors: Dorina F. Sava Gallis, Albuquerque,
NM (US); Harry Pratt, Albuquerque,
NM (US); Travis Mark Anderson,
Albuquerque, NM (US); Nicholas
Hudak, Washington, DC (US)

(73) Assignee: National Technology & Engineering
Solutions of Sandia, LLC,
Albuquerque, NM (US)

(*) Notice: Subject to any disclaimer, the term of this
patent is extended or adjusted under 35
U.S.C. 154(b) by 0 days.

(21) Appl. No.: 16/388,217

(22) Filed: Apr. 18, 2019

(65) Prior Publication Data
US 2019/0245241 A1 Aug. 8, 2019

Related U.S. Application Data

(63) Continuation of application No. 15/664,507, filed on
Jul. 31, 2017, now Pat. No. 10,320,028.

(Continued)
(51) Imt.CL
HOIM 4/00 (2006.01)
HOIM 10/0564 (2010.01)
HOIM 4/38 (2006.01)
HOIM 4/62 (2006.01)
HOIM 2/02 (2006.01)
(Continued)

(2013.01); HOIM 4/381 (2013.01); HOIM
4/382 (2013.01); HOIM 4/623 (2013.01);
HOIM 10/0565 (2013.01); COID 13/00
(2013.01);
(Continued)
(58) Field of Classification Search

CPC ... CO8L 1/286; HOIM 2/022; HO1M 4/382,
HO1M 10/0565; HOIM 10/0564; CO1D
13/00

See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

8,252,950 B2 82012 Hwang et al.
8,507,399 B2 82013 Hwang et al.

(Continued)

OTHER PUBLICATIONS

Pan, H et al., “Room-Temperature Stationary Sodium-Ion Batteries
for Large-Scale Electric Energy Storage”, Energy & Environmental
Science, 2013, pp. 2338-2360, vol. 6.

(Continued)

Primary Examiner — Cynthia H Kelly
Assistant Examiner — Monique M Wills
(74) Attorney, Agent, or Firm — Kevin W. Bieg

(57) ABSTRACT

A sodium ion battery comprises a cathode having a porous
redox active metal-organic framework material. The battery
can be an organic electrolyte sodium ion battery wherein the
electrolyte comprises a sodium salt dissolved in an organic
solvent or mixture of organic solvents. Alternatively, the
battery can comprise an aqueous sodium ion battery wherein
the electrolyte comprises a sodium salt dissolved in an
aqueous solvent. Battery performance is especially related to
electrolyte and binder selection.

18 Claims, 16 Drawing Sheets

/ cathode cap

polypropylene
gasket
/

separator

current

collector

wave spring

\—— anode cap



US 10,497,971 B2
Page 2

Related U.S. Application Data
(60) Provisional application No. 62/376,784, filed on Aug.

18, 2016.
(51) Int. CL

HOIM 10/0565 (2010.01)

CO7F 15/02 (2006.01)

C08B 11/12 (2006.01)

CO1D 13/00 (2006.01)

CO8L 1/28 (2006.01)
(52) US.CL

CPC oo CO7F 15/025 (2013.01); CO8B 11/12

(2013.01); COSL 1/286 (2013.01); HOIM
2/0222 (2013.01)

(56) References Cited
U.S. PATENT DOCUMENTS

2016/0118688 Al* 4/2016 Nakanishi ......... HOIM 10/0567

429/200
2017/0012277 Al*  1/2017 Wang ......cccoene. HOIM 4/134
2018/0090751 Al*  3/2018 Xu ..covvviinnn HO1M 10/054

OTHER PUBLICATIONS

Kim, H. et al., “Aqueous Rechargeable Li and Na Ion Batteries”,
Chemical Reviews, 2014, pp. 11788-11827, vol. 114.

Sun, L. et al, “Electrically Conductive Porous Metal-Organic
Frameworks”, Angewandte Chemie International Edition, 2016, pp.
3566-3579, vol. 55.

Li, S.-L. et al., “Metal-Organic Frameworks as Platforms for Clean
Energy”, Energy & Environmental Science, 2013, pp. 1656-1683,
vol. 6.

Wang, L. et al., “Metal-Organic Framworks for Energy Storage:
Batteries and Supercapacitors”, Coordination Chemistry Reviews,
2016, pp. 361-381, vol. 307.

Morozan, A. et al., “Metal Organic Frameworks for Electrochemical
Applications”, Energy & Environmental Science, 2012, pp. 9269-
9290, vol. 5.

Sava Gallis, D. F. et al., “Electrochemical Activity of Fe-MIL-100
as a Positive Electrode for Na-Ion Batteries”, Journal of Materials
Chemistry A, 2016, pp. 13764-13770, vol. 4.

Decombarieu, G. et al., “In Situ Fe XAFS of Reversible Lithium
Insertion in a Flexible Metal Organic Framework Material”, Elec-
trochemistry Communications, 2009, pp. 1881-1884, vol. 11.
Fateeva, A. et al., “Synthesis, Structure, Characterization, and
Redox Properties of the Porous MIL-68(Fe) Solid”, Eur, J. Inorg.
Chem., 2010, pp. 3789-3794.

Ferey, G. et al., “Mixed-Valance Li/Fe-Based Metal-Organic Frame-
works with Both Reversible Redox and Sorption Properties”,
Angewandte Chemie International Edition, 2007, pp. 3259-3263,
vol. 46.

Li, X. et al,, “Shape-Controlled Synthesis and Lithium-Storage
Study of Metal-Organic Frameworks Zn40(1,3,5-benzenetribenzo-
ate)2”, Journal of Power Sources, 2006, pp. 542-547, vol. 160.
Ogihara, N. et al,, “Organic Dicarboxylate Negative Electrode
Materials with Remarkably Small Strain for High-Voltage Bipolar
Batteries”, Angewandte Chemie International Edition, 2014, pp.
11467-11672, vol. 53.

Saravanan, K. et al., “Lithium Storage in a Metal Organic Frame-
work with Diamondoid topology—a case study on metal formates”,
Journal of Materials Chemistry, 2010, pp. 8329-8335, vol. 20.
Shin, J. et al., “MIL-101(Fe) as a Lithium-Ion Battery Electrode
Material: A Relaxation and Intercalation Mechanism during Lithium
Insertion”, Journal of Materials Chemistry A, 2015, pp. 4738-4744,
vol. 3.

Aubrey, M. L. et al., “A Dual-Ion Battery Cathode via Oxidative
Insertion of Anions in a Metal-Organic Framework”, Journal of the
American Chemical Society, 2015, pp. 13594-13602, vol. 137.
Horcajada, P. et al., “Synthesis and Catalytic Properties of MIL-
100(Fe), and Iron(IIT) Carboxylate with Large Pores”, Chem. Com-
mun., 2007, pp. 2820-2822.

* cited by examiner



US 10,497,971 B2

Sheet 1 of 16

Dec. 3, 2019

U.S. Patent

} "Old

ded spoue ——

Buuids anem

10108||00

JuaLno

Jojeiedes

19%seb —

auajAdoudAjod
des epoyjen \



U.S. Patent Dec. 3, 2019 Sheet 2 of 16 US 10,497,971 B2




U.S. Patent

FIG. 3(a)

FIG. 3(b)

FIG. 3(c)
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FIG. 4(a)

FIG. 4(b)
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FIG. 9(a)

FIG. 9(b)
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